Abstract-This paper presents a Massive-MIMO measurement campaign with bi-directional angular discrimination. Aspects like non-stationarity, spatial consistency and spherical wavefronts become important for proper modeling of such channels. This campaign is designed to measure and investigate these aspects of the channel. The paper includes analyses of the angular statistics and the dual directional power angular spectrum for a few locations. Next, the paths/clusters are mapped to a 2D map for visualisation of clusters. Finally, non-stationarity across the large array aperture is investigated in terms of angular statistics and power.
I. INTRODUCTION
Massive MIMO has gained a lot of interest in recent years, and is considered to be one of the key technologies in the next generation wireless communication systems [1] . To simulate and model the massive MIMO channel, several challenges arise when trying to incorporate them into existing geometrybased stochastic channel models (GSCM). The work presented in [2] and [3] proposes an extension of the COST 2100 model and the QuaDRiGa model, respectively. Both papers mention three features of massive MIMO that need to be included to properly simulate massive MIMO systems. The models should include methods of modeling; multiuser consistency, non-stationarity across the base station array and spherical wavefronts. These features are reported in previous measurement campaigns [4] , [5] and require further investigation. This paper presents a large measurement campaign in an indoor stadium, with multiple routes designed to investigate these features for calibration and further extensions of massive MIMO compatible models. Section II will introduce the measurement system and location. An analysis of the angular properties of the measured channel is detailed in Section III. Section IV will analyse the location and commonality of clusters based on a visual mapping of scatter locations. Section V will analyse the non-stationarity across the massive 128 element array, and section VI concludes this paper.
II. MEASUREMENT SETUP
The measurement campaign was conducted in Gigantium in Aalborg, which houses a large indoor stadium. It is a typical handball field of 20x40 m, with large tribune sections surrounding the field in all directions. The tribune section is about 65x72 m. A drawing of the stadium is depicted in Fig. 1 , where the position of the RX array along with a few measurement routes indicated. The map shows roughly half of the large hall, the remaining area is mostly empty space, and situated to the right of the stadium shown in Fig. 1 . 
A. Array configuration
The massive Rx (Receiver) array is configured as a Uniform Linear Array (ULA) consisting of 128 Vivaldi horn elements [6] . The half power beamwidth of the Vivaldi elements are about 44 degrees in azimuth, and 49 degrees in elevation. For practical reasons, the elements are grouped in modules of 16 elements. The element spacing is 5 cm, or 0.58 λ at 3.5 GHz, giving a total array length of 6.35 meters. The array is depicted in Fig. 2a .
Two Tx (transmitter) arrays are configured as Uniform Circular Arrays (UCA) consisting of 8 Vivaldi horn elements each. The radius to the phase center at 3.5 GHz is about 22 cm, which is unfortunately too large for any phased array processing but was required for mechanical reasons. The Tx-array denoted as Tx2 is connected to the Tx-rack directly by short rf-cables. The Tx-array denoted as Tx1 is much more mobile and independent of the Tx-rack. This is accomplished by moving the rf amplifiers onto the "trolley" carrying the array. RF to fiber optical interfaces and cables connect the Tx rack to the amplifiers on the trolley. During this measurement campaign we were limited to only 4 optical amplifiers, meaning the mobile Tx1-array only has 4 channels. Two neighbouring elements in this array are combined to reduce the 8 elements to 4. Thus the 4 channels cover all azimuth directions. Tx1 is clearly depicted in the foreground in Fig. 2b and Tx2 is visible in the background.
B. Measurement equipment
The Massive-MIMO measurement system is based on the correlation based AAU channel sounder [7] . A carrier frequency of 3.5 GHz and a bandwith of 100 MHz was used. The sounder has 16 fully parallel transmitters and 8 fully parallel receivers. A fast switching mechanism on the Rx modules allows the sounder to capture a snapshot of the 128x16 MIMO channel in 1.31 ms. For each measurement, 900 snapshots of the channel is recorded during 15 seconds correspondent to a snapshot rate of 60 Hz. The Tx rack is synced to the Rx rack by a fiber optical cable, allowing a Tx-Rx separation of about 300 m. As mentioned in Sec. II. A, Tx1 is separated via fiber optical cables (300m length) from the Tx-rack. Thus the maximum possible distance between Rx and Tx1 is approximately 600m. Tx2 is connected by RF cables and thus can only be in the proximity of the Txrack with an approximate maximum Rx to Tx2 distance of 300m.
C. Measurement scenarios
The measurements consist mainly of one semi-stationary Tx array, while the other one is moving along a route in the stadium. Three large routes of Tx1 are depicted in Fig. 1 by the lines, denoted as R, G and B, respectively. A route is typically separated into smaller sections as each measurement is only 15 seconds long. Walking for instance the full diagonal (red) of the field is split into 5 sections of 15 second measurements to cover the full distance. During the measurements, when Tx1 is moving along these routes, Tx2 is being rocked back and fourth +/-10 cm. The Tx2 location is marked by the black circle "TX2" in Fig. 1 .
III. ANGULAR ANALYSIS
In this analysis a beam-scanning was performed from the RX array to each individual Tx element. The Tx element separation is too large for array processing techniques. Thus each element represents the respective 45/90 degree sections. The angular analysis is initially restricted to 2 modules (32 elements) of the Rx array to avoid possible errors due to nonstationarity across the large array.
The Direction Of Arrival (DOA) estimation is performed according to the Bartlett beamformer:
where θ is discrete with a 1 degree resolution, and θ tx is discrete with 45/90 degree resolution. () * denotes the complex conjugate transpose and:
where () T denotes the Transpose operator, m is the antenna number and the spatial frequency ωs:
Each vector a(θ) is multiplied by the normalized antenna element pattern gain P ant (θ). A Hamming window of size M is also applied to the vector a(θ).
In (1),R is the estimated covariance matrix given by:
where y(t) is a vector of the narrowband time domain signal of all Rx antennas at snapshot time t. N is the number of snapshots included in the estimation. The Power angular spectrum seen from Tx or Rx array is given by: Mean azimuth angle μ θ and azimuth angle spread σ θ can be calculated, as defined in [8] , to account for the ambiguity of the modulo 2π operation:
where P i is the power at the i-th direction and θ i,μ (Δ) is defined as
The mean angle is defined as
and θ i (Δ) = mod(θ i + Δ + π, 2π) − π In Fig. 5 and 6 the angular spread and mean are plotted for the entire section B5 of route B indicated in Fig. 1 . Each point is an average over 100 snapshots, and the length of section B5 is about 13 meters. In Fig. 5 we see as expected, that the mean angle towards Tx1 changes as it moves up the stairs of the tribune, while Tx2 does not change as it is stationary. Seen from the Tx side in Fig. 6 , we see the same trends for mean angle, but with large variations while walking along the route. This is not unexpected as the angular resolution is very low at the Tx side, and it is difficult to maintain a fixed orientation of the array while it is carried up the stairs of the tribune. The angular spread is much larger at the Tx side compared to the Rx side. The angular spread does not vary with any notable trend from any of the Tx's in Fig. 5 and 6 . In Fig. 7 the PAS from Rx to the two Tx arrays for section B5 is shown with the same averaging and intervals as in Fig.  5 and 6 . The movement of Tx1 is clearly visible from this plot. 
IV. CLUSTER VISUALISATION
This section describes the mapping of scattering points on to a 2D map with respect to the Rx and Tx locations. The paths are selected from the wideband angular-delay profiles, which are obtained by performing the beamforming in (1) at each measured delay tap.
The scatter points are all assumed to be single bounce scatterers. Given the position of Rx and Tx array and the delay and AoA of the path in question, the position of the scatterer is estimated by simple geometric triangle calculations. In Fig.  8 the Rx and Tx array locations are plotted, and the estimated scattering points are indicated too by red and blue solid circles. Larger circles indicate more power of the path in question. As seen in Fig. 8, Tx1 and Tx2 are separated by about 2.5 m. The large clusters formed by closely spaced scattering points are overlapping, meaning there is typically scattering points from both Tx arrays in the same area. 
V. NON-STATIONARITY
This section will take a look at the non-stationarity from the perspective of the large receiver array aperture.
In Fig. 10 the mean and angular spread is calculated independently for each of the 8 modules in the massive receiver array. The mean and spread is calculated from spatial averaging over 20 and 100 snapshots, corresponding to 0.3 and 1.6 meter movement of Tx1. Each module contains; as previously mentioned, 16 elements. Point "c" and "Tx2" from Fig. 1 indicate the fixed positions of Tx arrays in this analysis.
As seen in Fig. 10 , for the 100 snapshots mean angle, there is 8.8 and 10.3 degree change from the first module to the last. The geometrical difference is calculated to be 7.8 and 11.7 degree. The maximum difference in angular spread over the array is about 6-10 degrees.
In Fig. 11 the average power over 100 snapshots is plotted for every Rx-Tx element pair. Except for minor differences, the same overall result was obtained for the average power over 20 snapshots. There are large variations in power across the array, most notably for the Tx elements with high power. The figure shows typically more power in the left side of the Rx array. These effects should be studied further and should be considered in modelling of massive MIMO channels.
VI. CONCLUSION
In this paper we have studied the average power-angular properties of a dual user massive MIMO measurement campaign set in an indoor stadium scenario. From the examples in Rx element nr. the angular analyses, angular spread is much larger around the mobile station compared to the base station. When visualizing clusters on the map of the arena, we showed an increase in cluster overlapping with decreasing user separation. Lastly, non-stationarity across the large array aperture was demonstrated in terms of power variations and changes in angular mean and spread.
